Development of biocompatible 3D scaffolds is one of the most important challenges in tissue engineering. In this study, we developed polymer scaffolds of different design and microstructure to study cell growth in them. To obtain scaffolds of various microstructure, e.g., size of pores, we used double-and one-stage leaching methods using porogens with selected size of crystals. A composite of poly(3-hydroxybutyrate) (PHB) with poly(ethylene glycol) (PEG) (PHB/PEG) was used as polymer biomaterial for scaffolds. The morphology of scaffolds was analyzed by scanning electron microscopy; the Young modulus of scaffolds was measured by rheometry. The ability to support growth of mesenchymal stem cells (MSCs) in scaffolds was studied using the XTT assay; the phenotype of MSC was preliminarily confirmed by flow cytometry and the activity of alkaline phosphatase and expression level of CD45 marker was studied to test possible MSC osteogenic differentiation. The obtained scaffolds had different microstructure: the scaffolds with uniform pore size of about 125 µm (normal pores) and 45 µm (small pores) and scaffolds with broadly distributed pores size from about 50-100 µm. It was shown that PHB/ PEG scaffolds with uniform pores of normal size did not support MSCs growth probably due to their marked spontaneous osteogenic differentiation in these scaffolds, whereas PHB/PEG scaffolds with diverse pore size promoted stem cells growth that was not accompanied by pronounced differentiation. In scaffolds with small pores (about 45 µm), the growth of MSC was the lowest and cell growth suppression was only partially related to stem cells differentiation. Thus, apparently, the broadly distributed pore size of PHB/PEG scaffolds promoted MSC growth in them, whereas uniform size of scaffold pores stimulated MSC osteogenic differentiation.
Introduction
Poly(3-hydroxyalkanoates) (PHAs) attract particular attention among biomedical polymers for tissue engineering and regenerative medicine due to their biodegradability and high biocompatibility. Poly(3-hydroxybutyrate) (PHB) is the most studied member of PHAs family, which can be produced microbiologically by different types of microorganisms (Bonartsev et al. 2008; Lim et al. 2017) . Previously, we showed that biotechnological method of PHB and its copolymers production allow to achieve high degree of purity, and to control and specify physicochemical properties of biopolymers within narrow limits during their biosynthesis (Myshkina et al. 2008 (Myshkina et al. , 2010 . PHB is biodegradable and biocompatible polymer with high mechanical strength, thermal plasticity, and specific diffusion properties (Artsis et al. 2010; Domínguez-Díaz et al. 2015; Iordanskii et al. 2006;  Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1320 5-018-1350-8) contains supplementary material, which is available to authorized users.
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328 Page 2 of 10 Monnier et al. 2016) . PHB was able to form composites with synthetic polymers and inorganic materials (Artsis et al. 2010; Misra et al. 2010; Chan et al. 2013; Biazar and Heidari Keshel 2015; Domínguez-Díaz et al. 2015) . The perspective area of PHB application is development of implanted medical devices for dental, cranio-maxillofacial, orthopaedic, cardiovascular, hernioplastic, and skin surgery (Bonartsev et al. 2008; Lim et al. 2017) .
However, PHB homopolymer has certain disadvantages, as well: high hydrophobicity and crystallinity, long-term biodegradation, and low plasticity, which, in some cases, severely limits their use as bioengineered materials in medicine, e.g., high hydrophobicity of PHB can impair cell attachment and growth on devices from this polymer (Chan et al. 2013; Domínguez-Díaz et al. 2015) . One of the most promising approaches to improve the properties of PHB is blending or copolymerization of PHB with hydrophilic polymers (Cheng et al. 2003; Iordanskii et al. 2006; Nemets et al. 2008; Chan et al. 2013; Monnier et al. 2016; Reyes et al. 2016) . Poly(ethyleneglycol) (PEG) is a nontoxic hydrophilic polymer approved by the U.S. Food and Drug Administration (FDA) for internal consumption (D'souza and Shegokar 2016), and it is used often to modify different polymer properties, such as hydrophobicity, surface charge, and others (Nemets et al. 2008; Chan et al. 2013; Monnier et al. 2016) . It was shown that PHB can be mixed with PEG with blend formation and the produced composites (with PEG weight content more than 10%) have improved hydrophilicity and biocompatibility (Cheng et al. 2003; Nemets et al. 2008; Chan et al. 2013) .
Mesenchymal stem cells (MSC) and fibroblasts are used as a typical cell cultures to estimate biological properties of devices for tissue engineering in vitro and to develop model artificial tissues and organs, especially, such as bone, cartilage, and skin. Moreover, MSC have a potential to proliferate to different cell types and is commonly used in regenerative medicine (Boxall and Jones 2012; Fraioli et al. 2016) . To produce such tissue engineering systems biodegradable 3D polymer scaffolds are used as carriers for the cultivation of cells: they should mimic the extracellular matrix in a regenerating tissue environment, easily integrate with the adjacent tissue, and favor new tissue in growth. Finally, the scaffold should be biocompatible and resorbable (Lim et al. 2017; Houben et al. 2017) . PHAs and their composites as biomaterial for such scaffolds manufacture meet completely these conditions, especially for bone tissue engineering (Cheng et al. 2003; Lim et al. 2017; Reyes et al. 2016; Shishatskaya et al. 2014) . However, in addition to the properties of the material, microstructure of polymer scaffolds has a great importance for cell adhesion and growth (Criscenti et al. 2017) .
However in spite of high attention and numerous investigations of scaffolds from various polymers, the relationship between microstructure of scaffold on the basis of PHB and cell growth in these biopolymer scaffolds remains a relevant problem. Thus, the purpose of our research was to study MSC and fibroblasts growth in vitro in PHB/PEG porous scaffolds with different microstructure.
Materials and methods

Polymer production
PHB [molecular weight (M w ) = 1.5 × 10 5 ] were produced by original biotechnological technique using highly productive strain-producer of PHB Azotobacter chroococcum 7B, then polymer was isolated and purified for biomedical application, and PHB M w was determined by viscosimetry as previously described (Myshkina et al. 2008 ).
Porous scaffold preparation
The scaffolds used in our study was prepared by various modifications of salt-leaching method, which is widely used for the manufacture of porous polymer scaffolds in tissue engineering (Misra et al. 2010; Rumian et al. 2013; Moisenovich et al. 2015; Houben et al. 2017) : one-stage salt-leaching method using ammonium carbonate as porogen and novel double-leaching technique using ammonium carbonate and sucrose as porogens. As polymer material for scaffold production, we used blend of PHB with PEG 1500 (Sigma-Aldrich, Germany) in ratio 80:20 (PHB/PEG). The content of PEG in the composite was chosen according to the literature data as the most appropriate for cell cultivation due to its greater hydrophilicity (Cheng et al. 2003; Chan et al. 2013; Nemets et al. 2008) . We used double-leaching method to produce scaffolds S1 and S2 that differ in pores size. A solution of PHB and PEG 1500 in the ratio 80:20 in trichloromethane (EKOS-1, Russia) with a concentration of 60 mg/ml was mixed with crystals of ammonium carbonate as blowing agent (Khimmed, Russia) and sucrose (Sigma-Aldrich, Germany) as leaching agent in a ratio of 1:3 (w/w) each layer-by-layer in a Petri dish. To create pores in scaffolds with different size, preliminarily, the sucrose and ammonium carbonate was sieved through laboratory pharmaceutical sieves U1-ESL (Kraft, Russia) with a mesh size of 40, 94, and 315 µm and only 94 µm, respectively. Ammonium carbonate was used as porogen due to possibility to decompose to gases at high temperature (> 60 °C) and by hydrolysis in water solutions. To produce PHB/PEG scaffolds S1, we used sucrose crystals that were obtained by sieving through sieves with mesh size of 94 and 315 µm, whereas, for manufacturing of PHB/PEG scaffolds S2, we sieved sucrose through sieves with 40 and 94 µm mesh size. The properly mixed solution of PHB/PEG with was poured in Petri dish with subsequent evaporation and then was placed in hot water (approximately 65 °C) to produce porosity both by gas releasing and sucrose leaching. The scaffold S3 was prepared by salt-leaching method using only one porogen-ammonium carbonate. The ammonium carbonate powder with a particle size 20-94 µm was mixed with PHB/PEG polymer solution in chloroform with concentration 60 mg/ml in mass ratio 5:1. The mixed solution was poured in Petri dish with subsequent chloroform evaporation and then was also placed in hot water. The obtained scaffolds was washed five times in distilled water and dried about 24 h at room temperature (Bonartsev et al. 2016 ).
Microscopy
The photos of scaffolds were obtained using Cyber-shot DSC-RX100 digital camera (Sony, Japan) with Macro function. Microstructure of scaffolds was studied by scanning electron microscopy (SEM). For SEM investigation, scaffolds were mounted on aluminium stumps, coated with gold in a sputtering device for 15 min at 15 mA (IB-3,Giko, Japan), and examined under a scanning electron microscope (JSM-6380LA, JEOL, Japan). To study the scaffolds with cultivated MSC and 3T3 cells, the specimens were specially treated previously by dehydration procedure using glutaraldehyde and ethanol. Scaffolds with ink testing were examined by wide-field light microscopy using stereomicroscope Nikon SMZ1500 (Nikon, Japan). Diameter of micropores was calculated by Image J software using SEM images. The data present as an average (n = 15) (Bonartsev et al. 2016 ).
Porosity
Scaffold porosity was calculated through Eqs. (1) and (2) of apparent densities and porosity, respectively:
where D is apparent density (g/cm 3 ), m is mass of scaffold (g), h is height (or thickness) (cm), l is length (cm), and w is width (cm) of scaffold:
where P (%) is porosity, D is the apparent density that calculated using Eq. 1 (g/cm 3 ), and d is a theoretical bulk density of monolithic sample of scaffold without pores (g/cm 3 ). The composite PHB/PEG 80:20 has a bulk density of 1.08 g/cm 3 (PHB has 1.243 g/cm 3 ; PEG 1500 has 0.450 g/ cm 3 ). Weight was measured on the laboratory scale AL-64 (Acculab, USA). Height (thickness), length, and width of scaffolds were measured with a caliper (Krino, Italy).
Ink test was used to determine interconnection of pores in scaffolds. To determine the presence of closed pores in scaffolds, they were immersed in ink solution and dried (for S3 samples) or immersed in ink solution, dried, and then was cross-sectioned (for S1 and S2 samples). Ink distribution in the scaffold volume (to ensure the absence of closed pores, which look on the cut as white spots) was examined by wide-field light microscopy using stereomicroscope Nikon SMZ1500 (Nikon, Japan) (Bonartsev et al. 2016 ).
Mechanical properties
Mechanical properties of scaffolds were studied by rheometry using MCR 302 rheometer (Anton Paar, Austria). The rheometer was equipped with a plate-plate measuring system. First, an amplitude test was performed to determine the linear viscoelasticity range at an angular frequency of 10 rad/s. After measuring the characteristic range of linear viscoelasticity (0.04%) and the optimal gap (relative deformation 0.1-0.3), a frequency test was carried out on the other sample at an angular frequency of 0.1-100 rad/s. The Young's modulus was measured by compression of samples of scaffolds. The dependence of the normal pressure on the relative strain was made. Then, the Young's modulus was calculated from the slope of the linear part of the chart (Ziv et al. 2014) .
Cell viability test
To study biocompatibility of scaffolds in vitro two different types of cell lines were used: primary mesenchymal stem cells (MSC) culture (after 7th day cultivation) and 3T3 cells (second passage). To estimate cells attachment and growth on the scaffolds, a cell viability test was used.
The NIH 3T3 cells (Biolot, Russia) were maintained in DMEM, and supplemented with 10% FBS and 1% penicillin streptomycin antibiotics. The confirmation of all characteristics of this cell line as mouse fibroblasts are given in the certificate from the Biolot company (# 1.5.2). MSC were isolated from the femurs of young (3-5 days old) Wistar rats and cultured for 2 weeks in DMEM (Dubecco's Modified Eagle Medium, PanEco, Russia) supplemented with 10% fetal calf serum (FCS, Biological Industries, Israel), 100 U/ml penicillin.. The approvals for all surgical experimental procedures and ethical guidelines were issued by the ISO 10993-1:2009. MSCs were cultivated for three passages. The cells were removed by incubation in a solution of trypsin-versene for 5 min, and then counted using hemocytometer. Then, suspension of 10 5 cells in 100 µl of PE buffer (2 ml EDTA-0.5% ETS in PBS) was prepared and incubated with antibodies to positive surface markers of MSC phenotype: СD90 and CD29; negative surface markers: CD45 and CD11b/c (eBioscience, USA); the dye cell viability 7-Aminoactinomycin D (7AAD) in the dark for 40 min at a temperature of 5 °C (Boxall and Jones 2012; Harting et al. 2008) . Cells were washed by centrifugation once in PBS and analyzed on flow cytometer (FACS ARIA II, USA). Analysis of results and construction of graphs were performed using the program Flowing Software 2.5.1 (Supplemental materials, fig. S1 ).
To test biocompatibility of scaffolds, their samples 5 × 5 mm were placed in the center of the 96-well plate wells. Then cultivating cells were detached using trypsin/ EDTA (0.25% w/v trypsin/0.02% EDTA, PanEco, Russia) and 100 µl cell suspension including about 2000 cells was placed on the top of the samples of scaffolds that were positioned at the bottom of wells. Plates were incubated for 1, 3, 6, and 14 days. The control samples were examined for wells of 96-well plate without scaffolds, tissue culture polystyrene (TCPS). Cells viability was measured by the cell proliferation reagent XTT according to the manual (XTT Cell Proliferation Kit, Biological Industries, Israel). For biocompatibility testing, samples of scaffolds with attached cells were gently and quickly transferred from wells of incubated tissue culture plate to respective wells of a new plate with preliminarily added 100 µl of fresh medium; then 50 µl of XTT reagent solution was added in each well. Multi-well plates were incubated at 37 °C for a further 4 h. Polymer samples were removed and absorbance measurements were conducted using a microplate spectrophotometer Zenyth 3100 Microplate Multimode Detector (Anthos Labtec Instruments GmbH, Austria) at 450 nm with reference wavelength at 640 nm (Bonartsev et al. 2016 ).
The change of expression level of CD45 marker on 6th and 14th days was studied to monitor the stem cells phenotype during their cultivation in PHB/PEG scaffolds. CD45, transmembrane protein-tyrosine phosphatase (leukocyte common antigen, L-CA, B220, T200, Ly-5, EC 3.1.3.48), is a glycoprotein that presents on the surface of all the representatives of the blood-forming series, except for mature erythrocytes. CD45 is widely used for phenotyping MSC as a negative marker, to identify MSC of any origin (human, rat, mouse), the absence of a surface marker CD 45 is mandatory (Boxall and Jones 2012; Harting et al. 2008 ).
Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity is one of the main markers of differentiation of MSC in osteogenic direction (Raucci et al. 2012; Rumian et al. 2013; Hadjicharalambous et al. 2015; Lim et al. 2017; Criscenti et al. 2017) . At first, the specimens of scaffolds 10 × 10 mm were seeded at a rate of 7000 cells per specimen and cells were cultivated for 6 days. To study ALP activity of MSC, the specimens of scaffolds with MSC grown on them were washed two times with PBS, placed in lysis buffer (250 mM NaCl, 0.1% Triton X-100, 50 mM Hepes, pH 7.5), and subjected to three freeze-thaw cycles. Then, the obtained samples of cells lysate were centrifuged for 10 min at 10,000 rpm. One hundred microliters of lysate sample and 50 µl of reagent were added to the 96-well plate wells, and incubated in a thermostat for 2 h. Then, the absorbance of the samples was measured at 405 nm and ALP activity was calculated as activity units per ml of sample.
Statistical analysis
Statistical evaluation of data was performed using the software package SPSS/PC+ Statistics™ 12.1 (SPSS). Non-parametric Kruskal-Wallis test was employed for all statistical analyses. Data were averaged with the standard error to the mean (± SD) and considered significant for p < 0.05.
Results and discussion
Microstructure and mechanical properties of scaffolds
The most widespread methods to manufacture the PHB 3D scaffolds with desired microstructure for tissue engineering by means of improvement of cell adhesion and growth are salt-leaching methods (Misra et al. 2010; Stevanovic et al. 2011; Rumian et al. 2013; Houben et al. 2017; Moisenovich et al. 2015) . Using one-stage and double-leaching methods, we obtained three-dimensional scaffolds from composite PHB/PEG of different shape and microstructure: S1, S2, and S3. The images of produced scaffolds are shown in Fig. 1 . The design of devices differs greatly: scaffold S3 is a flat device (of 0.5 mm thick) with two sides, each of that has its own microstructure (Fig. 1g) ; scaffolds S1 and S2 are cylinder-shape devices with diameter of 30 mm and thickness of 3 mm of uniform pore microstructure (Fig. 1a, d ). Investigation of scaffolds samples by SEM showed that all types of scaffolds have a 3D porous structure and pores of irregular shape with microroughness of pore walls. However, the porosity and pore size of PHB/PEG 3D-scaffolds obtained by one-step and double-leaching techniques using of porogen crystals of various sizes differed greatly (Fig. 1c, f, i ; Table 1 ). It should be recalled that all three types of scaffolds were prepared using ammonium carbonate as a porogen salt, which produces gases at elevated temperature and by hydrolysis. For scaffold S3, which was produced by onestage leaching method using only ammonium carbonate as porogen, the pores emerged by breaking polymer surface; at the same time, the porosity is also formed by folds of the polymer. The process of gas formation is very active, so the porosity is achieved not only by the removal of a blowing agent, but also due to deformation of the polymer matrix. Flat scaffolds were formed in a glass Petri dish, so they have two sides: the side bordering with glass which we call "internal" and another one "outer". If we compare two sides of the porous structures of S3, we can see that outer side is more porous and irregular (Fig. 1i) , while internal is more smooth. These differences in microstructure are seen from the pore size values given in Table 1 : the pores of outer side of S3 are approximately two times larger than the pores of internal side of this scaffold. However, the pores of both sides of S3 had very irregular structure and a great diversity in size. The porosity of S3 was high: 88% (Table 1) . Thus, one-stage leaching method allows to produce flat scaffolds of irregular pore structure with gradient in pore size. Using of sucrose as second leaching agent for scaffolds S1 and S2, preparation leaded also to the formation of complex porous microstructure of these scaffolds. However, the porous structure of S1 and S2 was uniform without significant difference in pore size and shape between internal and outer sides. Therefore, this two-step technique can be applied not only for flat devices manufacture but also for 3D devices with given shape and size. Moreover, the use of sucrose crystals of different size allows to regulate porosity and pore size of scaffolds: scaffolds S1 had a high porosity (75%) that did not differ significantly from porosity of flat scaffolds S3, whereas the porosity of S2 was 15% lower compared to S1; similarly, mean pore size of S1 was 126 µm that did not differ significantly from pore size of outer side of S3, whereas mean pore size of S2 was nearly three times lower than pore size of S1 and did not differ significantly from pore size of internal side of S3.
Ink test showed that all types of scaffolds had an interconnected pore structure: closed pores that looked like black spots in obtained scaffold were absent (Fig. 1b, e,  h ). The high porosity and interconnected pore structure are key properties for scaffolds used for tissue engineering and essential condition for cell growth in the scaffolds (Misra et al. 2010; Murphy et al. 2010; Rumian et al. 2013; Zhang et al. 2010; Ribeiro-Samy et al. 2013; Moisenovich et al. 2015; Houben et al. 2017) .
The mechanical properties, namely, Young modulus of obtained PHB/PEG scaffolds measured by rheometry differed also greatly: Young modulus of scaffolds S2 that have lowered porosity and pore size was more than three times higher than Young modulus of scaffolds S1 with normal porosity and pore size (Table 1) . In general, strength of produced PHB/PEG scaffolds was lower than PHAs-based scaffolds produced by other methods but was sufficient and appropriate for long-term cells cultivation (Ribeiro-Samy et al. 2013 ). The relatively low Young modulus of scaffolds can be connected both with using PEG in polymer composite and double-leaching technique used for scaffold manufacture. Unfortunately, we could not measure Young modulus of scaffolds S3 due to their small thickness, whereas using of other methods of mechanical properties study can lead to obtaining of data that incorrectly will be compared with the data obtained by the method of rheometry.
Cell growth in scaffolds
Before the study of MSC growth on PHB/PEG scaffolds, we performed phenotyping of the obtained cells to prove that these cells are really mesenchymal stem cells. We studied cell culture isolated from the bone marrow of rats on the third passage. To analyze phenotype of obtained MSC, we used the most relevant markers: CD 90 and CD29 as positive markers of MSC phenotype, CD 45 and CD11b/c as negative markers (Boxall and Jones 2012) , and the vital marker (7AAD) to estimate viable cells in the population studied. The flow cytometry analysis showed that the amount of living cells was 98.8 ± 0.8% of the total number. The percentage of positive cells to different MSC positive and negative phenotype markers was the following: CD 90-95%; CD 29-50%, CD 45-2%; CD11b/c -26%, which is similar to the published data on the MSC and along with very low ALP activity (45 U/ml) in cells and their ability to adhere to culture plastic allow to characterize them as MSC (Harting et al. 2008) (Supplemental data, fig. S1 ).
Cell viability testing was used to estimate the attachment and cell growth of MSC in the scaffolds. As indicated in Fig. 2 there was a great difference between the cell growth on the scaffolds S1 and S2 produced by double-leaching method and scaffolds S3 produced by one-stage leaching method on 3rd and 6th days of cell cultivation. The lowest MSC growth showed scaffolds S2 with small pores and low porosity on 6th and 14th days of cell cultivation. Thus, the scaffolds S3 are more suitable for MSC proliferation (Fig. 2a) . The more active growth of MSC in scaffolds S3 was confirmed by SEM: If, on the surface of the pores of S1 and S2 scaffolds, we can see only single cells, on the surface of the pores of S3 scaffolds, several cells are attached (Fig. 3) . To confirm the effect of pore size and porosity on cell growth, we studied also the growth of 3T3 fibroblasts in PHB/EG scaffolds. Unlike MSC, the growth of 3T3 fibroblasts in various PHB/PEG scaffolds did not differ so greatly (Supplemental data, fig. S2 ). On third day, the growth of 3T3 in scaffolds S3 was lower than in scaffolds S1 and S2, but, on 6th day, the 3T3 cells growth in S3 scaffolds was the same than in S1 and significantly increased compared to S2. Scaffolds S2 showed also the lowest growth of 3T3 fibroblasts on 6th day of cell cultivation. The values of cell viability estimated by XTT were similar to the values obtained in other experiments for study of cell growth in polymer scaffolds by other colorimetric assays for assessing cell metabolic activity (Zhang et al. 2010; Cruz et al. 2010; Ribeiro-Samy et al. 2013) .
The observed data on the growth of cells on polymer scaffolds can be connected both with the properties of PHB/PEG composite and the morphology of these scaffolds. The physicochemical (e.g., mechanical) properties of polymer materials have a great influence on growth and differentiation of stem cells grown on them (Cruz et al. 2010; Raucci et al. 2012; Rumian et al. 2013; Humpolicek et al. 2015; Fraioli et al. 2016; Zhang et al. 2016; Kuznetsova et al. 2016) . Moreover, apparently PHB is an example of such biomaterial possessing osteoinductive properties: scaffolds based on PHB can induce spontaneous differentiation of stem cells and stimulate bone tissue regeneration in vivo (Wang et al. 2004; Bonartsev et al. 2008; Shishatskaya et al. 2014; Lim et al. 2017) . However, the material, from which the studied scaffolds are made, is the same: PHB/PEG composite; nevertheless, we observed the great difference in MSC growth on them. Therefore, the obtained data are probably associated mainly with scaffold morphology. The observed low growth of both MSCs and 3T3 fibroblasts in scaffolds S2 can be obviously connected with small pores and low porosity of these scaffolds. Porosity and pore size are critical values for bone tissue engineering, where the scaffolds on the basis of PHB are mainly used (Lim et al. 2017) . Scaffolds with mean pore sizes ranging from 20 to 1500 µm were used in bone tissue engineering applications (Richardson et al. 2006; Oh et al. 2007; Zhang et al. 2010; Moisenovich et al. 2015; Rumian et al. 2013; Kuznetsova et al. 2016) . The minimum pore size for a significant bone growth and MSC cultivation is 40 µm with an optimal range of 100-200 µm (Klawitter et al. 1976; Richardson et al. 2006; Cruz et al. 2010; Misra et al. 2010; Zhang et al. 2010; Murphy et al. 2010; Ribeiro-Samy et al. 2013; Shishatskaya et al. 2014; Hadjicharalambous et al. 2015) . However, as shown in the study of growth of different kinds of cells (chondrocytes, osteoblasts, and fibroblasts) in cylindrical polycaprolactone scaffolds with gradually increasing pore size (from 88 to 405 µm) and porosity (from 80 to 94%), the difference in scaffold microstructure is relevant only for long-term cultivation of cells, while the growth of cells with a duration of their cultivation of less than 14 days was the same and did not depended on pore size and porosity (Oh et al. 2007) . The low correlation between size of the topographical units of the micropatterned electrospun scaffolds and growth/ differentiation of MSC grown on them was also confirmed (Criscenti et al. 2017) . Moreover, the scaffolds made from PHB, its copolymers, and composites with pores size in the range from 100 to 200 µm and porosity more than 80% have proven to be effective for both MSC cultivation and bone tissue regeneration (Nemets et al. 2008; Misra et al. 2010; Ribeiro-Samy et al. 2013; Shishatskaya et al. 2014 ). Therefore, the pores size of S2 about 40 µm, probably, cannot provide the normal growth of cells in spite of the known cases of using scaffolds with such a small pore size (Richardson et al. 2006; Biazar and Heidari Keshel 2015; Reyes et al. 2016) . However, the inhibition of cell growth can be caused also by increased stiffness of scaffolds S2 that have three times greater Young's modulus compared to S1 (Table 1 ) (Ribeiro-Samy et al. 2013; Ziv et al. 2014; Hadjicharalambous et al. 2015) .
However, the greatest difference in cell growth was observed when comparing the growth of MSC in scaffolds S1 and S2 produced by double-leaching method and scaffolds S3 produced by one-stage leaching method. The 3D growth of MSC in PHB scaffolds produced by one-stage leaching (like S3) was shown earlier by confocal microscopy. The microstructure of scaffolds S1 and S2 implied also 3D cell growth (Bonartsev et al. 2016) . However, the scaffolds S3 provided the normal growth of MSC, as well as 3T3 fibroblasts, whereas the growth of MSC in scaffolds S1 was suppressed in some way. It should be noted that such great difference in MSC growth in scaffolds with various microstructure is in contradiction with the data on MSC growth in 3D scaffolds from other polymer biomaterials. The difference in cell growth in scaffolds of different microstructure from collagen-glycosaminoglycan, polycaprolactone, and polylactic-co-glycolic was not so significant, especially in the early stages of cell cultivation (Oh et al. 2007; Murphy et al. 2010; Criscenti et al. 2017) . We proposed that the suppressed growth of MSC in scaffolds S1, as well as S2, can be associated with spontaneous osteogenic differentiation of stem cells. To verify whether the reduced growth of MSC can be caused by their differentiation, we studied the activity of ALP and expression level of CD45 marker in MSCs on 6th and 14th days of cultivation in various scaffolds (Fig. 4) . The dramatic increase (up to 30-fold and even more) in ALP activity in MSC grown in scaffolds S1 and S2 in comparison with S3 indicates spontaneous differentiation of MSC in S1 and S2 on 6th and 14th days, which is accompanied by a reduced growth of cells (Cruz et al. 2010; Raucci et al. 2012; Rumian et al. 2013) . The loss of phenotype of MSC through their differentiation was also confirmed by rise in expression level of CD45 marker on 6th day in MSC grown in S1 and S3 scaffolds, and on 14th day in MSC grown in S1 and S2 scaffolds. However, equally, the same ALP activity in MSC grown in S2 and S3 and the lower level of CD45 expression in MSC grown in S2 in comparison with S3 cannot explain the greatly inhibited MSC growth in S3 scaffolds through stem cells differentiation. However, the obtained data are also in contradiction with the data on MSC differentiation in scaffolds from other polymer biomaterials, e.g., polylactic and polylactic-co-glycolic acids, with different surface topography or with small pores (62 µm), where the change in ALP activity was not practically observed (Richardson et al. 2006; Criscenti et al. 2017) . These data are consistent with the data which we obtained earlier on the long-term cultivation of MSCs with passages every 4-6 days in scaffolds produced by one-stage leaching (like S3) (Andreeva et al. 2015) . The observed ability of scaffolds S3 to support MSC growth can be associated also with the irregular pore structure and the great diversity of pore size with gradient between two sides of scaffold. Therefore, it was shown that polymer scaffolds with gradient in pore size or anisotropic porous morphology contribute to improving MSC growth in them (Ribeiro-Samy et al. 2013; Houben et al. 2017) . The spontaneous differentiation of MSC that inhibited cell growth can be caused by microroughness of pores surface: the double-leaching method can produce pores with greater roughness in scaffolds S1 and S2 in comparison with S3 produced by one-stage leaching method. It was shown that pore microstructure of 3D scaffolds and topography of polymer surface influence greatly on both MSC growth and their differentiation in various directions: osteogenic, chondrogenic, lipogenic, etc. (Raucci et al. 2012; Rumian et al. 2013; Lim et al. 2017; Criscenti et al. 2017 ).
Conclusions
To summarize, it is suggested that microstructure of polymer scaffolds affects greatly on growth of MSCs: cylindershape scaffolds from PHB/PEG composite with uniform pore size of about 125 µm do not support MSCs growth probably due to their spontaneous differentiation in these scaffolds, whereas flat PHB/PEG scaffolds with diverse pore size promote stem cells growth with significantly lower level of their differentiation. In scaffolds with small pores (about 40 µm), the growth of MSC was the lowest and cell growth suppression was only partially related to stem cell differentiation. Thus, the MSC growth in PHB/PEG scaffolds significantly depended on different microstructure of these polymer carriers that can be used for specific purposes in tissue engineering.
